Background and aims-Cytokine production by endothelial cells has, for practical reasons, been chiefly studied in human umbilical vein endothelial cells (HUVEC) but, because tissue-specific diVerences apparently exist, the role of human intestinal microvascular endothelial cells (HIMEC) as a source of mucosal cytokines was also assessed. Conclusions-These data demonstrate that the intestinal microvascular endothelium may contribute to the cytokine network of the intestinal mucosa with the ability to respond to locally generated cytokines and to produce potent inflammatory mediators. (Gut 1998;42:635-642) 
Recruitment of leucocytes from the circulation to sites of inflammation depends on both leucocyte and endothelial cell activation. In vitro studies of cultured endothelial cells have demonstrated that activation by bacterial endotoxin (LPS) or proinflammatory cytokines can increase or induce the endothelial expression of adhesion molecules and the production of cytokines. 1 2 These include interleukin (IL)-1 which may act in an autocrine fashion to enhance endothelial cell activation further, [3] [4] [5] [6] [7] as well as production of IL-6, granulocytemacrophage colony stimulating factor (GM-CSF), and transforming growth factor (TGF)-, which may attract or activate more leucocytes. [8] [9] [10] [11] [12] Also, endothelial cell activation may enhance the production of several chemokines (chemoattractant cytokines) such as IL-8, monocyte chemoattractant protein-1 (MCP-1), RANTES (regulated on activation, normal T cell expressed and secreted), and eotaxin; all these mediators may function in a juxtacrine fashion to attract or activate leucocytes. 2 13-17 In addition, endothelial cells have been reported to produce low levels of IL-3 as well as IL-11, cytokines suggested to play a role in the early haematopoietic system. 18 19 For practical reasons, most in vitro studies have been performed with human umbilical vein endothelial cells (HUVEC), but increasing evidence both in vivo 20 21 and in vitro [22] [23] [24] [25] suggests that considerable heterogeneity exists among endothelial cells from diVerent tissues. Despite recent interest in microvascular endothelial cells, data concerning their cytokine profiles are apparently limited to a few studies on selected mediators. 26 27 The biological potential of microvascular endothelial cells from various human tissue compartments therefore remains elusive.
We have recently established a culture system for human intestinal microvascular endothelial cells (HIMEC) . 28 This enabled us to perform systematic analyses of their cytokine profiles with regard to mRNA expression and protein secretion, and to compare such data with cytokine profiles concomitantly displayed by HUVEC. Endothelial cell cultures were exposed to recombinant cytokines, lipopolysaccharide (LPS), or supernatants from gluten reactive T cell clones (TCC) from the small intestinal mucosa of patients with coeliac disease. The latter experiments were performed to mimic in vitro an immunopathological situation in the gut.
obtained from Genzyme (Cambridge, Massachusetts, USA), rhIL-4 (ED 50 0.05-0.2 ng/ml), rhIL-8 (ED 50 0.15-0.3 µg/ml), and rh-interferon (IFN)-(1 × 10 7 U/mg) from R&D systems (Abingdon, UK), while rhIL-10 (ED 50 2 ng/ml) and rhIL-13 (ED 50 <1.0 ng/ml) were obtained from Peprotech (London, UK HIMEC isolated from normal human jejunal mucosal/submucosal tissue were grown as described previously 28 with minor modifications. Briefly, cells were dispersed from minced tissue by collagenase/dispase, plated, and grown to confluence in endothelial-SFM containing 2.5% FCS, 1 µg/ml hydrocortisone, 0.5 mM db-cAMP, 50 µg/ml gentamicin, and 0.25 µg/ml amphotericin B. Primary cultures 
of adherent cells were then trypsinised and non-endothelial cells were eliminated by means of paramagnetic beads coated with mAb to CD44. 25 Cells were, in the following passages, cultured in MCDB 131 as described below, but with the addition of db-cAMP. In some comparative experiments HIMEC were grown without db-cAMP for 48 hours before starting the experiments. HUVEC were isolated as described by JaVe et al. 29 Cells were grown in MCDB 131 containing 7.5% FCS, 10 ng/ml epidermal growth factor, 1 µg/ml hydrocortisone, 50 µg/ ml gentamicin, and 0.25 µg/ml amphotericin B.
Seven HIMEC and three HUVEC cultures derived from individual donors were used at passage level 3-8. All endothelial cell cultures uniformly bound Ulex europaeus lectin I and were positive for vWf as assessed by immunocytochemistry on chamber slides.
Gut derived, HLA-DQ restricted, and gluten reactive TCC were generated from two patients with coeliac disease as detailed elsewhere. 30 31 One clone came from a patient typed as HLA-DR3-DQ1,2, the other from a patient typed as HLA-DR4-DQ7,8. The TCC were cloned after 14 days in culture at 0.5 cells/well, expanded in RPMI 1640 containing 15% pooled human serum, 1 µg/ml phytohaemagglutinin, and 10 U/ml rhIL-2. To prepare the supernatants the TCC were stimulated with a peptic-tryptic digest of gluten in the presence of antigen presenting cells that expressed the relevant HLA class II restriction element. Supernatants were collected after 48 hours of stimulation, which was found to be the most optimal time point. 32 
POLYMERASE CHAIN REACTION OF REVERSE-TRANSCRIBED mRNA
Semiquantitative analysis of cytokine mRNA expression was performed by reverse transcription (RT)-PCR. Polyadenylated RNA was isolated from 5 × 10 4 endothelial cells by means of M-280 Dynabeads coupled with oligo(dT) 25 . Cells were solubilised in 200 µl of lysis/binding buVer (1% Nonidet P-40, 5 mM KCl, 500 mM LiCl, 200 mM DTT, 10 mM EDTA, 100 mM Tris-HCl (pH 8.0), and 100 U/ml RNAsin) on ice for one minute, the lysates were centrifuged to remove cell nuclei, and the supernatants tranferred to a test tube containing 100 µg of beads. After seven minutes of incubation at room temperature the beads were rinsed three times in washing buVer (10 mM Tris-HCl (pH 8.0), 0.15 M LiCl, and 1 mM EDTA). The mRNA was eluted from the beads at 65°C for two minutes in 10 µl DEPC-treated distilled water. Synthesis of cDNA was performed by RT of the mRNA eluate (10 µl) in 20 µl of a solution containing 5 mM MgCl 2 , 100 mM Tris-HCl (pH 8.3), 500 mM KCl, 1 mM deoxynucleotide triphosphates, 20 U RNAsin, 50 U of reverse transcriptase, and 2.5 mM random hexamer. RT was carried out for 10 minutes (25°C) and 60 minutes (42°C), followed by heat inactivation (10 minutes, 99°C).
PCR was performed on 1 µl cDNA and amplified by cytokine specific primers as described earlier. 32 The number of cycles used for amplification of each cytokine is reported in the legends to figs1 and 2. All primer sequences were derived from separate exons of the gene sequences, thus spanning intron(s); amplification products of genomic DNA could therefore be distinguished from products of reverse transcribed mRNA. The size of the PCR products, the primer set sequences, and the annealing temperatures for each primer set are given in table 1.
IMMUNOCYTOCHEMISTRY
Endothelial cells were grown to confluence in chamber slides. Acetone-fixed monolayers (10 minutes, 20°C) were first incubated for one hour with mAb to CD44, CD45, or CD68, then with rabbit anti-human vWf (IgG fraction) combined with biotinylated horse antimouse IgG for 1.5 hours, and finally with a rhodamine-labelled swine anti-rabbit IgG in combination with Streptavidin-FITC conjugate for one hour. The working concentrations are listed earlier. Positive controls were provided by mAb to ICAM-1 as well as frozen tissue sections from human intestine used as substrate for the primary mAbs. Negative controls were provided by concentration and isotype matched irrelevant mAbs.
BIOASSAYS FOR CYTOKINES IL-1 ( and ) activity was determined in a proliferative bioassay by applying the cell line NOB-1 (mouse thymocyte EL-4 cell line) and the cell line HT-2 (mouse T-helper cell line). IL-6 activity was measured in a proliferative bioassay with the murine hybridoma cell line B9 (clone B-92504). These methods and their specificities have been detailed elsewhere. 32 Cell lysates were prepared by repeated freeze-thawing cycles as described. 33 Briefly, cells were washed once with medium, frozen at -70°C (60 minutes), and thawed (60 minutes; 37°C). The cells were subjected to three freeze-thawing cycles without removing the cell debris as described by Endres et al. 33 
IMMUNOASSAYS FOR CYTOKINES
Commercial ELISA kits were used according to the manufacturer's recommendations for immunological quantification of IL-1 and IL-1 (R&D Systems). ELISA for hIL-8 was performed basically according to the manufacturer's recommendations (R&D Systems). Briefly, 96-well plates were coated overnight at room temperature with murine anti-human IL-8 mAb and then blocked for two hours with 1% (w/v) bovine serum albumin (BSA) in PBS (pH 7.4). The wells were rinsed six times in PBS containing 0.1% Tween 20; this washing procedure was repeated after each of the subsequent steps. Samples were incubated for one hour at 37°C and bound IL-8 was then detected by adding biotinylated goat antihIL-8 to each well for one hour at 37°C. HRP conjugated streptavidin was then applied for 15 minutes at 37°C. A substrate solution (1 g/l o-phenylenediamine in citrate buVer, pH 5, containing 0.015% H 2 O 2 ) was added to each well and developed in darkness at 37°C for 5-15 minutes. The colour reaction was stopped with 2 M HCl and the optical density was read at 450 nm in a Titertek Multiskan Photometer (Helsinki, Finland), detecting less than 10 pg/ml rhIL-8 in our hands.
Results

RESTING HIMEC EXPRESS CYTOKINE TRANSCRIPTS
RT-PCR was used to detect specific cytokine mRNA transcripts from confluent HIMEC and HUVEC cultures. A known amount of endothelial cells was used in all experiments; therefore a semiquantitative determination of the diVerent cytokine transcripts could be performed by comparison with -actin. In both types of cultures we detected mRNA for IL-3, IL-7, IL-8, IL-11, IL-14, IL-15, TNF-, TGF-, and GM-CSF (fig 1) . We were unable to detect message for IL-1 , IL-1 , IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-13, or IFN-in resting endothelial cells despite the use of positive control cDNA.
The presence of transcripts for IL-7 and IL-14, cytokines presumably produced mainly by T and B cells, prompted us to exclude the presence of non-endothelial cells in the endothelial cell cultures. In both HIMEC and HUVEC, paired immunofluorescence staining with mAb to CD44, CD45 or CD68, combined with Ab to vWf, revealed only weakly Stimulation of HIMEC with rhIL-1 (100 U/ ml) or LPS (1 µg/ml) increased the mRNA level for IL-1 whereas that for IL-1 appeared unchanged ( fig 1A and data not shown) . By contrast, stimulation with rhTNF-(100 U/ ml) increased IL-1 mRNA, whereas IL-1 mRNA remained unchanged ( fig 1A) . To evaluate the production of functional protein we used a proliferative bioassay that responds to both IL-1 and IL-1 . Supernatants (2.5 ml) from TNFstimulated HIMEC grown in six-well trays (approximately 10 5 endothelial cells) contained only trace amounts of IL-1 activity (<0.5 U/ml), whereas cell lysates (dissolved in 1 ml medium) induced proliferation corresponding to 1-30 U/ml of rhIL-1 (table 2) . To determine whether the IL-1 activity in the cell lysates was IL-1 or IL-1 , we tested for these cytokines separately by ELISA. In monocytes/macrophages IL-1 has been shown to remain mainly cellassociated, whereas a large proportion of IL-1 is secreted. 34 Consistent with this, cell lysates contained 8-30 pg/ml IL-1 after stimulation with rhTNF-(100 U/ml) for six or 24 hours (table 2), whereas IL-1 remained undetectable (data not shown). Likewise, cell lysates from IL-1 -stimulated HIMEC contained 15 pg/ml IL-1 after six hours and 10 pg/ml after 24 hours of stimulation (table 2) . HIMEC supernatants contained neither IL-1 (table 2) nor IL-1 (data not shown).
In HUVEC, rhIL-1 (100 U/ml), rhTNF-(100 U/ml), or LPS (1 µg/ml) increased the mRNA level for IL-1 , whereas that for IL-1 appeared unchanged (fig 1B and data not shown). Moreover, supernatants from TNFstimulated HUVEC contained only low amounts of IL-1 bioactivity (0.5-1 U/ml), while activity corresponding to 15-20 U/ml was found in the cell lysates (table 3) . Furthermore, ELISA performed on cell lysates from HUVEC stimulated with rhTNF-showed IL-1 after six and 24 hours of stimulation (15 pg/ml and 35 pg/ml, respectively; table 3), but no detectable IL-1 (data not shown). HUVEC supernatants contained neither IL-1 (table 3) nor IL-1 (data not shown).
IL-6 AND IL-8 PRODUCTION IN HIMEC IS ENHANCED BY CYTOKINE ACTIVATION
Stimulation of both HIMEC and HUVEC with either rhIL-1 (100 U/ml) or rhTNF- (100 U/ml) increased IL-6 mRNA levels ( fig  1) . Furthermore, whereas unstimulated HIMEC and HUVEC produced negligible levels of bioactive IL-6 protein, stimulation of both cell types for six or 24 hours with rhIL-1 or rhTNF-resulted in the appearence of IL-6 in the range of 1.5-32 U/ml in both supernatants and cell lysates (tables 3 and 4). Stimulation of both HIMEC and HUVEC with either rhIL-1 (100 U/ml) or rhTNF-(100 U/ml) also appeared to increase the mRNA level for IL-8. Furthermore, ELISA measurements revealed 10-15 ng/ml of IL-8 in supernatants from resting HIMEC, while these levels were increased fivefold after 24 hours of IL-1 or TNF-stimulation. Analysis of cell lysates revealed 1.6-5 ng/ml of IL-8 in resting HIMEC which increased more than fourfold after IL-1 or TNF-stimulation for 24 hours (table 4) .
Supernatants from resting HUVEC contained 1.6 ng/ml of IL-8 which increased to 26 ng/ml after six hours and 50 ng/ml after 24 hours of IL-1 stimulation. TNF-stimulation for six and 24 hours increased the levels to 12 ng/ml and 36 ng/ml, respectively. Analysis of cell lysates revealed 0.5 ng/ml of IL-8 in resting HUVEC which increased to 12 ng/ml and 4 ng/ml after IL-1 or TNF-stimulation, respectively (table 3) .
EFFECT OF rhIL-1 OR rhTNF-ON EXPRESSION OF OTHER CYTOKINES
Stimulation of HIMEC and HUVEC with rhIL-1 (100 U/ml) or rhTNF-(100 U/ml) for 2-24 hours increased the mRNA levels for GM-CSF and TNF-, whereas IL-3, IL-7, IL-11, IL-14, IL-15, and TGF-transcripts appeared to be unaVected (fig 1) . Furthermore, such stimulation failed to induce detectable transcripts for IL-2, IL-4, IL-5, IL-9, IL-10, IL-12p40, IL-13, or IFN-in both cell types (data not shown). Endothelial cell expression of IL-7, IL-14, IL-15, and TNFhad not been previously described; the identities of the PCR products for these cytokines were therefore confirmed by sequencing or by nested primer PCR (data not shown).
EFFECT OF rhIL-4, rhIL-10, rhIL-13 OR rhIFN-ON ENDOTHELIAL CELL CYTOKINE PROFILES Stimulation of HIMEC and HUVEC with rhIL-4 (10 ng/ml) or rhIFN-(100 U/ml) for 2-24 hours had only minimal eVects. A small increase in IL-6 and IL-8 mRNA expression was obtained but we were not able to detect an increase in the protein level (data not shown). Stimulation with rhIL-10 (10 ng/ml) or rhIL-13 (10 ng/ml) for 2-24 hours revealed neither increased mRNA levels for cytokines present in the resting state, nor induction of the other cytokines (data not shown).
EFFECT OF SUPERNATANTS FROM GUT DERIVED GLUTEN REACTIVE T CELL CLONES ON ENDOTHELIAL CELL CYTOKINE PROFILES
To evaluate endothelial cell responses to stimulatory conditions mimicking those in the coeliac mucosa we stimulated HIMEC and HUVEC cultures with supernatants from two gluten reactive TCC isolated from in vitro stimulated biopsy specimens. 30 31 One TCC produced a Th1-like profile (clone 1) whereas the other produced a Th0-like profile (clone 2). 32 Both clones produced IFN-(2 ng/ml and 4 ng/ml, respectively), TNF (10 U/ml and 500 U/ml), and IL-6 (400 U/ml and 500 U/ ml), whereas clone 2 also produced IL-4 (4 ng/ ml) and IL-5 (150 ng/ml). Production of IL-1 and IL-1 was undetectable in both TCC. Stimulation of HIMEC and HUVEC with these TCC supernatants (diluted 1/3) increased the mRNA level for IL-1 , IL-1 , IL-6, and IL-8, whereas the message for IL-3, IL-7, IL-11, IL-14, IL-15, or TGF-was not increased (fig 2) and that for IL-2, IL-4, IL-5, IL-9, IL-10, IFN-, or TNF-remained negative (data not shown).
Discussion
This study has shown that microvascular endothelial cells from the human gut can constitutively produce several cytokines which are upregulated after stimulation with cytokines or LPS. In addition, we report a comparative analysis of cytokine profiles from cultured large and small vessel-derived endothelial cells. In vitro expression and regulation of cytokine production by endothelial cells have, for practical reasons, been chiefly described for HUVEC, but these cells may not exhibit characteristics of direct relevance to disease processes. On the other hand, data for microvascular endothelial cells are scarse and fragmented 26 27 and a systematic screening for cytokine transcripts has to our knowledge not been published even for HUVEC.
Bioactive cell associated IL-1 was found in HIMEC and HUVEC following stimulation with rhIL-1 or rhTNF-. ELISA measurements revealed the presence of IL-1 in such cell lysates. This finding fits with previous studies which have described IL-1 as an intracellular molecule whose precursor may associate with the surface membrane 35 and activate adjacent cells. 36 It is also in agreement with findings reported by Kurt-Jones et al 3 who demonstrated membrane bound IL-1 activity on activated HUVEC.
Our inability to detect IL-1 protein in both cell types requires some consideration. Under serum-free conditions HUVEC activated by LPS or TNF-have been shown by means of a thymocyte costimulation assay to release IL-1 bioactivity. 4 5 By the use of the same assay, Miossec et al 6 showed that the presence of 20% FCS in HUVEC supernatants inhibited thymocyte proliferation. Furthermore, it has been demonstrated that prostaglandin E 2 caused similar inhibition in supernatants from cultured saphenous vein endothelial cells. 7 We therefore compared our standard growth medium (7.5% FCS) with a low-serum medium (SFM-2.5% FCS) and further examined the eVect of indomethacin (known to inhibit synthesis of prostaglandins), in each case without detectable eVect (unpublished results). The absence of IL-1 protein in the supernatants, despite detectable transcripts, might reflect reduced IL-1 translation despite substantial transcription, as reported for peripheral blood mononuclear cells 37 and taken to be a first step in limiting the IL-1 activity. 34 On the other hand, the presence of proIL-1 , which is biologically inert, 34 in the cellular cytoplasm could not be excluded because reactivity to this molecule is not guaranteed by the manufacturer of the ELISA kit used in this study.
Low constitutive levels of IL-6 were found both in HIMEC and HUVEC, whereas increased expression and secretion of this cytokine occurred after stimulation with rhIL-1 or rhTNF-. Stimulation with rhIL-4 or rhIFN-had minimal eVect. It has been reported that IL-4 alone, but particularly in combination with IFN-, induces IL-6 production in HUVEC. 38 However, in that study the stimulation was performed for three days, while we stimulated endothelial cells for 24 and 48 hours in each case. IL-6 has been reported to be chemotactic for T lymphocytes, 39 and a recently published study showed that treatment of HUVEC with IL-6 increased their adhesiveness for peripheral blood lymphocytes, 8 indicating that IL-6 may have a distinct role in the recruitment of lymphocytes into inflammatory lesions.
IL-8 can be produced and secreted by several cell types. Nevertheless, its production by endothelial cells [13] [14] [15] is of special interest because secretion of IL-8 immediately at the tissue-blood interface may cause activation of adhering leucocytes if the cytokine is immobilised by glucosaminoglycans on the endothelial cell surface membrane. 14 40 Low constitutive expression of both IL-3 and IL-11 mRNA in HIMEC and HUVEC was detected; stimulation with rhIL-1 or rhTNF-did not result in an increase in message. Constitutive synthesis of IL-3 has been described in HUVEC, and in that report TNF-induced a slight increase in mRNA expression that we, in our study, were not able to detect. 18 RhIL-3 has a weak eVect on P-selectin expression in HUVEC 41 and it also enhances eosinophil transendothelial migration, but biological eVects of endothelial IL-3 have not been demonstrated. The constitutive presence of IL-11 mRNA accorded with a previous study on HUVEC, 19 but the role of endothelial IL-11 production remains elusive.
In both cell types we also detected several cytokine transcripts that to our knowledge have not been previously described in endothelial cells; mRNAs for IL-7, IL-14, and IL-15 were all constitutively expressed in the cultures but apparently insensitive to cytokine induction. However, the endothelial origin of these cytokines will need confirmation because the extreme sensitivity of RT-PCR might reveal tiny amounts of mRNA from contaminating cells. Relatively strong expression of TGFwas found both constitutively and after stimulation with rhIL-1 or rhTNF-in HIMEC and HUVEC cultures. Hannan and colleagues 42 described synthesis of an inactive latent form of TGF-in HUVEC but endothelial TGF-may be activated upon coculture with pericytes 43 that are situated in the vessel wall of capillaries. Although not formally demonstrated, our transcript data suggested that HIMEC are able to produce TGF-; once released, this cytokine might act as a potent monocyte chemoattractant 11 as well as a stimulus for expression of leucocyte integrins. 12 Constitutive expression of GM-CSF, which was increased after stimulation with rhIL-1 or rhTNF-, was found both in HIMEC and HUVEC. These findings accorded with previous studies that demonstrated GM-CSF production in resting and stimulated HUVEC. 9 10 Endothelial GM-CSF production could constitute an important step in the inflammatory process by functionally activating mature leucocytes at an inflammatory site, inhibiting their migration away from the focus, and also enhancing the proliferation and diVerentiation of progenitor cells. 44 In considering the role of cytokines it should be emphasised that several of these molecules are present concomitantly or sequentially in vivo, allowing reciprocal amplification or inhibition of their expression. To address this issue we examined the endothelial cell response to supernatants from HLA-DQ restricted and gluten reactive TCC derived from coeliac disease lesions. These supernatants contained a complex mixture of cytokines, one clone showing a Th1-like profile and the other a Th0-like profile. We found almost the same cytokine pattern expressed by endothelial cells after this complex stimulation as after stimulation with rhIL-1 or rhTNF-alone. Thus, possibly diVerent stimulatory eVects of the two cytokine profiles of these supernatants, as well as diVerent responses to stimulation by single recombinant cytokines, were quantitative rather than qualitative and would require more suitable PCR protocols or immunoassays to be defined.
Taken together, these data directly demonstrate that the intestinal microvascular endothelium may contribute to the cytokine network of the gut mucosa with the ability to respond to locally generated cytokines 32 45 46 and to produce potent inflammatory mediators. Additional studies are needed to clarify their putative role in vascular biology and pathology.
